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Abstract
This study was conducted to determine the effects of pesticide mixtures on degradation patterns of parent
compounds as well as effects on soil microbial respiration. Bioavailability of residues to sensitive plant species
was also determined. Soil for this study was obtained from a pesticide‐contaminated area within an
agrochemical dealer site. Degradation patterns were not affected by the presence or absence of other
herbicides in this study. Atrazine concentrations were significantly lower at 21 through 160 days aging time
compared to day 0 concentrations. Metolachlor and pendimethalin concentrations were not significantly
different over time and remained high throughout the study. Microbial respiration was suppressed in treated
soils from day 21 to day 160. Soybean and canola were the most successful plant species in the germination
and survival tests. Generally, with increased aging of pesticides in soil, germination time decreased. Survival
time of plants increased over time for some treatments indicating possible decreased bioavailability of
pesticide residues. In some cases, survival time decreased at the longer 160‐day aging period, possibly
indicating a change in bioavailability, perhaps as the result of formation of more bioavailable and phytotoxic
metabolites. No interactive effects were noted for mixtures of pesticides compared to individually applied
pesticides in terms of degradation of the parent compound or on seed germination, plant survival, or
microbial respiration.
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ABSTRACT
This study was conducted to determine the effects of pesticide mixtures on
degradation patterns of parent compounds as well as effects on soil microbial
respiration. Bioavailability of residues to sensitive plant species was also determined.
Soil for this study was obtained from a pesticide-contaminated area within an
agrochemical dealer site. Degradation patterns were not affected by the presence or
absence of other herbicides in this study. Atrazine concentrations were significantly
1To whom correspondence may be addressed; email: janhalt@iastate.edu
4To whom reprint requests should be sent, Pesticide Toxicology Lab, Department
of Entomology, Iowa State University, Ames, Iowa 50011; email:
jcoats@iastate.edu.
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418 ANHALTETAL.
lower at 21 through 160 days aging time compared to day 0 concentrations.
Metolachlor and pendimethalin concentrations were not significantly different over
time and remained high throughout the study. Microbial respiration was suppressed
in treated soils from day 21 to day 160. Soybean and canola were the most successful
plant species in the germination and survival tests. Generally, with increased aging
of pesticides in soil, germination time decreased. Survival time of plants increased
over time for some treatments indicating possible decreased bioavailability of pesticide
residues. In some cases, survival time decreased at the longer 160-day aging period,
possibly indicating a change in bioavailability, perhaps as the result of formation of
more bioavailable and phytotoxic metabolites. No interactive effects were noted for
mixtures of pesticides compared to individually applied pesticides in terms of
degradation of the parent compound or on seed germination, plant survival, or
microbial respiration.
INTRODUCTION
With the abundant use of such herbicides as atrazine (6-chloro-A'-ethyl-.W-(l-
methylethyl)-l,3,5-triazine-2,4-diamine), metolachlor (2-chloro-./V-(2-ethyl-6-methyl-
phenyl)-A'-(methoxyprop-2-yl)acetamide), and pendimethalin (N-( 1 -ethylpropyl)-3,4-
dimethyl-2,6-dinitrobenzenamine), it is unlikely that soil contamination from spills or
leaks can be avoided. Of special importance are agrochemical dealer sites where
chemical mixing and loading take place. These sites are especially prone to
contamination and are often in need of remediation. For this reason it is important to
discover innovative, natural, and cost-effective ways to remediate these sites when
contamination has occurred.
Contaminated soils in mixing and loading areas often contain pesticides at
concentrations that are well above the field application rates and usually contain
mixtures of chemicals. Little is known about the environmental behavior of pesticide
mixtures, and even less is known about changes in bioavailability of pesticides as they
age in soil.
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DEGRADATION OF PESTICIDES IN CONTAMINATED SOILS 419
It was the intent of this study to compare the degradation of atrazine,
pendimethalin, and metolachlor individually and in combination with one another in
soil from a pesticide-contaminated site. Degradation and changes in bioavailability
were evaluated during the aging process. Effects of aging residues on microbial
respiration and on germination capability and survival of different plant species were
measured. Plant species that are able to germinate and survive in soils containing high
levels of pesticide mixtures would potentially be good candidates for use in
phytoremediation attempts.
MATERIALS AND METHODS
Analytical standards of atrazine (99% purity) and pendimethalin (99.8%
purity) were purchased through ChemService (West Chester, PA). Metolachlor (93%
purity) was provided by Novartis Crop Protection, Greensboro, NC.
Soil samples were collected from an agrochemical dealership inlowa (denoted
as the Bravo site) by using hand trowels to remove the top 10 cm of soil. Three
independent composite samples (replicates) were taken. Samples were placed into
zip-lock bags on ice in a styrofoam cooler and transported back to the laboratory
where they were stored at 4 °C. Midwest Laboratories (Omaha, NE) determined the
physical and chemical characteristics of the Bravo soil using standard methods (Table
1). Soils were sieved, mixed well, and then analyzed for background concentrations
of atrazine, metolachlor, and pendimethalin by using gas chromatography (GC).
Seven different treating solutions were made by dissolving atrazine,
metolachlor, and/or pendimethalin in acetone at a concentration of 3 mg ml"1 per
chemical. The seven chemical treatments are shown in Table 2. An additional
treatment included soil taken from the contaminated area of the agrochemical dealer
site and had no additional pesticide added to it. This was the untreated control
sample. Soils were treated at 50 jagg'1 per herbicide to obtain seven treatments. The
treating solutions were applied with a tip-delivery glass pipette. The soil was then
mixed well on brown paper before aliquots were removed and randomly assigned to
D
ow
nl
oa
de
d 
by
 [I
ow
a S
tat
e U
niv
ers
ity
] a
t 0
7:5
3 1
9 N
ov
em
be
r 2
01
5 
420 ANHALT ET AL.
TABLE 1
Physical and Chemical Properties of Bravo Soil
Texture
Sand (%)
Silt (%)
Clay (%)
Total N (ppm)
Organic Matter (%)
C.E.C1
Loam
50
34
16
16
3.9
12.7
'Cation Exchange Capacity (meq/100 g)
TABLE 2
Chemical Treatments Used in this Study
Chemical Treatment of Soil (fig g'1 dry soil)
Atrazine 50
Atrazine 50:Metolachlor 50
Metolachlor 50
Metolachlor 50:Pendimethalin 50
Pendimethalin 50
Atrazine 50:Pendimethalin 50
Atrazine 50:Metolachlor 50:Pendimethalin 50
Abbreviation
A
AM
M
MP
P
AP
AMP
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DEGRADATION OF PESTICIDES IN CONTAMINATED SOILS 421
one of four incubation lengths (0, 21, 63, or 160 days). Soil aliquots of 140-g each
were transferred to French square bottles, and soil moistures were adjusted to the
gravimetric soil moisture content (g:g) at -33kPa. This moisture level was maintained
during the incubation period, and the jars were opened to the air once a week to
maintain an aerobic headspace. All treatments were incubated at 25°C in the dark.
At the end of each incubation period, soils were divided into aliquots for GC analysis,
infrared gas analysis (IRGA), and a germination study (Figure 1).
Extraction and Gas Chromatographie (GO Analysis
Soils (20-g aliquots) were extracted two times with ethyl acetate (2:1
solventrsoil). The soil-solvent mixture was shaken for 20 minutes, and the extract
was removed from the soil by vacuum filtration through a glass micro-fiber filter.
Solvent extracts were concentrated with a rotary evaporator to approximately 3 mL
and then rediluted to a final volume of 10 mL with ethyl acetate. Extraction
efficiencies for atrazine, metolachlor and pendimethalin were 90, 96, and 100%,
respectively, for spike and recovery soil samples. While ethyl acetate is not the most
optimal extraction solvent for atrazine, it was relatively efficient for both metolachlor
and pendimethalin and was considered an exceptable extraction solvent for this study.
A Shimadzu GC-9A gas Chromatograph (Kyoto, Japan) equipped with a flame-
thermionic detector (NPD) was used for the analysis. GC conditions were as follows:
column, glass packed with OV-17,1.8 m length; column temperature, 230°C; injector
temperature, 250°C; detector temperature, 250°C; carrier gas, helium; flow rate 35
mL min1. The limit of quantitation for atrazine, metolachlor, and pendimethalin was
0.3, 0.8, and 0.3 ppm, respectively.
Soil Respiration Measurements
Soil respiration analysis was performed by using an infrared gas analyzer
(IRGA) (LIRA model 3000, Mine Safety Appliance Co., Pittsburgh, PA) to determine
if a toxic effect on soil microorganisms could be observed from the application of the
herbicide(s) (Edwards, 1982; Walton et al., 1989; Zelles et al., 1986). Ten-gram
aliquots were taken from each of the seven treatments, as well as a control sample
that had not received pesticide treatment, upon ending each incubation segment of this
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Soil treated
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Degradation
monitoring by
GC analysis
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Seed
germination
and plant
survival
0 21 63
Chemical aging periods (days after treatment)
FIGURE 1
Analytical scheme of this study.
160
experiment. The soils were placed into 250-cm3 jars equipped with neoprene stoppers
containing two glass tubes that were sealed with septa. In addition to soils containing
the seven herbicide combinations, acetone-treated and untreated soil controls were
also included. Three replicates per treatment were analyzed. The headspace of jars
containing the soil samples was monitored for CO2 at 24-hr intervals for 7 to 10 days.
Seed Germination and Plant Survival
To determine which plant species could germinate and survive in herbicide-
contaminated soils at different points in the aging process, five 20-g subsamples of
soil (one for each plant species) were removed from each of the seven treatments at
the end of each incubation period and were planted with seeds. Seeds from the
following plant species were used: 1 ) giant foxtail (Setariafaberi); 2) birdsfoot trefoil
(Lotus corniculatus); 3) kochia (Kochia scoparia); 4) canola (Brassica napus); and
5) soybean (Glycine max). The length of time (days) before germination and of plant
survival were recorded.
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DEGRADATION OF PESTICIDES IN CONTAMINATED SOILS 423
RESULTS AND DISCUSSION
Pesticide Concentrations
Mean background concentrations of the three herbicides were 0.6 fig g'1
atrazine, 7 ng g'1 metolachlor, and 8 ug g1 pendimethalin, and ranges of concen-
trations are shown in Table 3. The presence of these three herbicides correlates well
with the herbicide-usage patterns in Iowa. In an Iowa State University pesticide
usage survey (1995), metolachlor and atrazine were ranked number one and two,
respectively, in herbicide-applied corn acres; and pendimethalin ranked number one
in herbicide-applied soybean acres.
Of the three herbicides applied to soil in this study, atrazine underwent the
most degradation in all treatments, with less than 11 ug g"1 left after only 21 days of
incubation. After 160 days, less than 3 ug g"1 of atrazine was left in all soils (Figure
2A and 3). Others have occasionally noted rapid degradation of atrazine in laboratory
studies. Fadullon et al. ( 1998) report that a Streptomyces species was able to degrade
atrazine from 20 ug g'1 to 6 ug g'1 within 30 days. Struthers et al. (1998) isolated a
strain oiAgrobacterium radiobacter that was able to use atrazine as a sole source of
nitrogen and completely mineralize 94% of the atrazine within 72 hours in culture.
In the current study, concentrations of atrazine were significantly less at 21 through
160 days than the treated concentration at day 0 (ANOVA; p < 0.0001). In this
study, the evolution of CO2 could not be measured since radioactive pesticide was not
used. It is presumed, however, that complete mineralization of atrazine occurred. In
another study conducted in this laboratory using atrazine-treated Bravo soil at a
concentration of 50 ppm, 62 and 49% of the applied radioactivity was evolved as
CO2 after 36 days of incubation in soil taken from the root zone (rhizosphere) of
Kochia scoparia and non-rhizosphere soil, respectively (Perkovich et al , 1996). In
another study from this laboratory, specific atrazine degraders with the ability to
completely mineralize atrazine were quantified by a 14C-most-probable-number
technique and were found to be quite numerous. In soil taken from the rhizosphere
of Kochia scoparia and from non-vegetated areas, 17,412 and 1,107 organisms per
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TABLE 3
Residual (Background) Pesticide Contamination in Soil from Bravo Site
(Reported as the Range in Concentrations Throughout the Study)
Chemical Treatment of Soil Concentration ranges {\ig g1 dry soil)
Atrazine Metolachlor Pendimethalin
3.9 - 12.0 6.5 - 8.8
6.6 - 7.5
5.7 - 9.5
2.7-8.1
0-12.0
Atrazine
Metolachlor
Pendimethalin
Atrazine, Metolachlor
Atrazine, Pendimethalin
Metolachlor, Pendimethalin
0
0
0
-0.7
-0.3
-0.3
gram soil (dry weight), respectively, were quantified (Arthur et al, 2000). The current
study used soil from unvegetated areas of the Bravo site.
Residual concentrations of atrazine from contamination of soil at the
agrochemical dealership site were low (Table 3), ranging from 0.3 to 0.7 ng g'1 in soils
that did not receive atrazine treatment for this study. Enhanced degradation of some
pesticides as a result of selection toward a more pesticide-degrading microbial
population can occur in soils that have received long-term exposure to pesticides
(Coats and Somasundaram, 1991). Anderson et al. (1994) noted that enhanced
degradation of atrazine, metolachlor, and trifluralin occurred in rhizosphere soil
compared to nonvegetated soils, both taken from a pesticide-contaminated area of an
agrochemical dealership. Kruger et al. (1996) noted enhanced degradation of a major
atrazine metabolite, deethylatrazine, in soil that had long-term exposure to atrazine
(and, thus also to deethylatrazine) at normal field application rates. While enhanced
degradation of atrazine at field application rates in soil has not been noted and carry
over is sometimes a concern for atrazine, a threshold concentration may be necessary
to activate the enzymatic systems required for such enhanced degradation (Hoyle and
Arthur, 2000). Concentrations of pesticides in soils at agrochemical dealerships could
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FIGURE 2
Concentrations (jig g"1) of (A) atrazine (B) metolachlor and (C) pendimethalin in
soils treated with individual and combinations of pesticides as a function of aging
time in soil.
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FIGURE 3
Atrazine concentrations over time in soils treated with varying combinations of
pesticides, and germination length (days) for canola and soybean in those soils.
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potentially be above such a threshold. Cole (1976) reported that repeated application
of atrazine to soil did not affect the numbers of viable bacteria or fungi as well as the
relative abundance of bacteria producing hydrolytic enzymes. Microbial degradation
of atrazine has been well documented, with several specific dégrader organisms
identified (Boundy-Mills et al., 1997; deSouza et al., 1996; Struthers et al., 1998;
Fadullon et al, 1998). In an experiment to determine the effects of atrazine residence
time on subsequent bioavailability, Radosevich et al. (1997) used an atrazine-
mineralizing bacterial isolate as a probe and found that the unavailable fraction of
atrazine increased with increased residence time of atrazine in soil.
Metolachlor concentrations were not significantly different throughout the
study. While the initial application for this study for each herbicide was 50 ^ ig g"1 (dry
weight), the concentrations of extractable metolachlor fluctuated from 43 to 60 [ig
g"1 (Figure 2B and 4). This variation was probably due to the heterogeneity of
background metolachlor contamination at the Bravo site. Residual concentrations
were seen throughout the study in soils that were not treated with 50 jag g"1
metolachlor. For example, in soil that was treated with only pendimethalin, the
concentration of metolachlor ranged from 5.7 to 9.5 jag g'1 (Table 3). This range in
concentrations represents background concentrations from the Bravo site.
Similarly, there were no significant differences in pendimethalin concentrations
throughout the study, with virtually no degradation occurring over the 160 days
(Figure 2C and 5). Researchers have found that pendimethalin is very difficult to
desorb from soil (Cooper et al., 1994; Berayon & Mercado, 1983) and is presumably
not bioavailable. Thus, residual concentrations of pendimethalin in the soil from the
agrochemical dealer site would not be surprising. Background concentrations were
present throughout the study and ranged from 2.7 to 8.8 ug g*1 (Table 3).
While there was a significant difference in atrazine concentrations over time
(day 0 > day 21 through day 160), atrazine degradation was not influenced by the
presence of either one or both of the other herbicides. Additionally for metolachlor
and pendimethalin, there were no statistical differences in the degradation pattern of
each chemical, independent of whether or not it occurred in a mixture. While research
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FIGURE 4
Metolachlor concentrations over time in soils treated with varying combinations
of pesticides, and germination length (days) for canola and soybean in those soils.
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FIGURE 5
Pendimethalin concentrations over time in soils treated with varying combinations
of pesticides and germination length (days) for canola and soybean in those soils.
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on the environmental fate of pesticides occurring in mixtures is scarce in the literature,
a few studies can be found. Schoen and Winterlin (1987) studied the effects of
various soil factors and amendments on degradation of a pesticide mixture of atrazine,
captan, carbaryl, 2,4-D, diazinon, fenitrothion, and trifluralin. They did not look at
the effects of different mixtures themselves. Their study showed that atrazine
degradation was affected by pH, soil type, addition of organic amendments, soil
moisture and pesticide concentration. Trifluralin, a herbicide in the same pesticide
class as pendimethalin (dinitroanilines), degraded extremely slowly under most
conditions in their study. This is similar to the results in the current study for
pendimethalin in which no degradation occurred for the length of the study. In a
study comparing degradation with a combination of chemicals, Dzantor and Felsot
(1991) found that alachlor degradation was similar in soils treated individually or in
combination with atrazine, metolachlor, and trifluralin at a rate of 10 mg kg'1. In
addition, Dzantor and Felsot noted that soils treated with extreme amounts of these
herbicides (10,000 mg kg'1) showed only minimal degradation after one year of
incubation.
Soil Respiration
Soil respiration measurements for soil immediately after chemical treatment
indicated a reduction in respiration for the first three days post-treatment, but an
increase in respiration rate followed until day 7. After 21 to 160 days of aging, soil
respiration was suppressed during the monitoring period. Respiration measurements
for the untreated control soils were elevated above that of the treated soil indicating
that aging did not affect microbial biomass in soils with no pesticide treatment.
Seed Germination and Plant Survival
Giant foxtail (Setariafaberï), birdsfoot trefoil (Lotus corniculatus) and kochia
(Kochia scoparia) were the least successful of the plant species used in the
germination study. For giant foxtail, germination was seen in only 3 cases: day 160
of treatment A, day 21 of M, and day 21 of MP (treatment abbreviations are listed in
Table 2). While germination in the day 160 A soil could potentially be explained by
the fact that very little herbicide remained (<1 ng/g, Figure 3), this does not explain
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why germination occurred at day 21 in the M and MP soils and not in soils beyond
that aging period. In the agronomic "control" soil that had no previous pesticide
history, giant foxtail was able to germinate and grow. In the control soil from the
Bravo site that contained background concentrations of pesticide contaminants (Table
3), this plant species for the most part did not germinate. Since the Bravo site soil
was used for this experiment (treated additionally with all combinations of the
pesticides), the inherent nature of the Bravo soil alone may have inhibited germination
of giant foxtail. Kochia seeds did not germinate generally in the Bravo control soil,
and little success was seen in germination of kochia in the agronomic control soil.
Previous experience in this lab has shown that kochia is a difficult plant to grow from
seed. Arthur et al. (1999) found kochia to be very tolerant to soils experimentally
contaminated with atrazine and metolachlor at 50 ug g'1 each, while canola showed
signs of stress under these conditions. In that experiment, however, plants were first
sprouted, with great difficulty, in uncontaminated soil and then transplanted.
Anderson and Coats (1995) demonstrated that soils taken from the rhizosphere of
different plant species showed differences in their abilities to degrade pesticide
contaminants, with kochia having one of the best pesticide-degrading rhizosphere
soils. Arthur et al. (1999) found that atrazine and metolachlor were more readily
degraded in soil from the rhizosphere compared to soil from nonvegetated areas.
Birdsfoot trefoil also did not germinate in the Bravo control soil, but did germinate
and survive in the agronomic soil. This plant species may be too sensitive for tests
such as these.
Canola and soybean were consistently successful in germination and survival
in contaminated soils. A general trend could be seen in germination for both species.
Figure 3 shows the days before germination of canola and soybean in relationship with
concentrations of atrazine in those soils. Germination time for canola and soybean in
day 0 soil was 10 and 4 days, respectively. After 21 days of aging, length of time for
germination was reduced to 3 and 2 days for canola and soybean, respectively.
Germination time continued to decrease with increased aging time of the pesticides
in soil.
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In soils treated with only atrazine, the decreased germination time of canola
and soybean may be due to less pesticide concentration over time, since atrazine was
readily degradable. For the other two individual treatments (M and P) or the mixture
of the two, extractable concentrations remained high throughout the study (Figures
4 and 5). The fact that germination time was lessened as aging time of pesticides in
soil increased is probably due to diminishing bioavailability of the pesticide residues.
Decreased bioavailability of atrazine to earthworms has been noted with increased
incubation time of the pesticide (Kelsey and Alexander, 1997). Changes in
extractability with residence time and the kinetics of sorption and desorption suggest
that compounds can become sequestered in inaccessible microsites within the soil
matrix (Alexander, 1995). Reduction in bioavailability with residence time in soil
diminishes the hazard and risk associated with such chemicals. This is probably due
to the slow difiusion of the chemical into micropores over time (Kelsey et al., 1997).
In an experiment by Kelsey and Alexander (1997) measuring changes in
bioavailability, declining bioavailability of pesticide residues to earthworms was not
reflected in concentrations of pesticide obtained from vigorous solvent extractions.
From the results of the current study, it appears that the pesticide concentrations that
are solvent-extractable from soil overestimate the concentrations that are truly
bioavailable.
Survival time (days) of soybean sprouts increased with increasing aging time
for pesticides in most soils (Table 4). In soil used immediately after chemical
treatment (day 0), soybean survival was less in treated soils compared to the control
soils. Two trends can be seen for soybean survival time in this study. For soils
treated with A, M, P, or AP, an increase in survival time can be seen with increased
aging time. Soybeans are sensitive to atrazine, but atrazine concentrations were
minimal after the 160 days of aging since this pesticide was so degradable in this soil.
Even within the Bravo site control soil, this trend can be seen which suggests that the
aging of residual contaminants is resulting in decreased bioavailability of residues to
this plant species. The second trend that can be noted is for soils treated with
combinations of herbicides that include M (that is MP, AM, or AMP) in that
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TABLE 4
Survival Time in Days for Soybean Sprouts in Contaminated Soils as
Affected by Aging Time of Pesticides in Soil
Soil Treatment1
A
M
P
AP
MP
AM
AMP
Control (Bravo Soil)2
Control (Agronomic Soil)3
0
8
6
4
7
7
5
8
11
19
Aging period of soil (days)
21
Mean days
10
6
8
13
11
10
17
11
16
63
of survival
16
15
16
16
17
15
15
14
18
160
19
16
19
17
6
5
6
18
18
1
 A = atrazine; M = metolachlor; P = pendimethalin; pesticides applied to soil at
50 |ig/g per herbicide.
2
 Soil taken from Bravo site that did not receive additional chemical treatment in
the lab.
3
 Sou taken from an agronomic field at the Iowa State University Research Farm
(Boone Co.), Iowa, that has had no pesticide history.
decreased survival time can be seen for soils aged for 160 days compared to the 21-
and 63-day aging periods. The pesticide P is used to control pest plant species in
soybeans, so it is reasonable that the P treatment did not hinder soybean survival.
Organic solvent extractable residues of M and P remained high throughout the
experiment, but their apparent bioavailability lessened after 21 and 63 days of aging.
An increased toxic effect, indicated by decreased survival time of soybean in the 160-
day soil might be due to a change in residue composition with the formation of a more
bioavailable and phytotoxic metabolite(s). Since this was not seen in soil treated
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individually with any of the compounds, the presumption is that an interaction
occurred among the chemicals which perhaps resulted in this phenomenon.
Survival time of canola is shown in Table 5. Trends were more difficult to
determine for this plant species. In all soils but the MP, AM, and Bravo control soil,
survival was good at day 0. The greatest survival time in day 0 soil was seen for soils
treated individually with A (20 days) and P (17 days) as well as in the agronomic
control soil (13 days). Survival time at the day 21 interval appeared to be similar in
all soils, but slightly higher in the control soils (Bravo untreated and the agronomic
soil). Increased survival time was seen for soils treated with A, P, and AM by day
160. The drop in survival time of canola at day 160, may indicate a change in
bioavailability of residues or potentially the formation of a phytotoxic metabolite. The
design of this study did not include analysis of metabolites, so the latter was not
assessed.
Effects of Pesticide Mixtures Compared to Individually Applied Pesticides
No interactive effects were noted for mixtures of pesticides compared to
individually applied pesticides in terms of degradation of the parent compound or on
seed germination, plant survival, or microbial respiration. Mixture toxicity is a great
concern, and reviews have been published on this topic (Calamari and Vighi, 1991;
Hermens, 1989). For the assessment of combination toxicity of complex mixtures,
classifications of toxicological modes of action are important to consider (Van
Leeuwen et al., 1996). Atrazine has been reported to have a synergistic effect that
increases the toxicity of several insecticides, including parathion, to various insects
(Lichtenstein, 1973). In a study to determine the toxic effect of atrazine in binary and
ternary combinations with methoxychlor and methyl-parathion to midge larvae,
atrazine produced a synergistic toxicity when in combination with methyl parathion
(Pape-Lindstrom and Lydy, 1997). In that same study, however, a less-than-additive
effect was seen for the combination of atrazine and methoxychlor, and marginal
synergistic effects were noted for the ternary combination. While the biological
endpoints in the current study did not indicate differences among the pesticide mixture
treatments, other types of biological endpoints might give a completely different
result.
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TABLE 5
Survival Time in Days for Canola Sprouts in Contaminated Soils as Affected
by Aging Time of Pesticides in Soil
Soil Treatment1
A
M
P
AP
MP
AM
AMP
Control (Bravo Soil)2
Control (Agronomic Soil)3
0
20
10
17
13
6
7
10
8
13
Aging period
21
Mean days
5
5
5
7
5
4
5
8
10
of soil (days)
63
of survival
14
8
15
16
14
5
7
11
6
160
19
6
15
6
6
11
5
18
18
1
 A = atrazine; M = metolachlor; P = pendimethalin; pesticides applied to soil at
50 |ig/g per herbicide.
2
 Soil taken from Bravo site that did not receive additional chemical treatment in
the lab.
3
 Soil taken from an agronomic field at the Iowa State University Research Farm
(Boone Co.), Iowa, that has had no pesticide history.
CONCLUSIONS
Degradation patterns of parent compounds were not affected by the presence
or absence of other herbicides in this study. Significant degradation of atrazine
occurred in this study over time. Concentrations of metolachlor and pendimethalin
were not significantly different over time and remained high throughout the study.
Microbial respiration was suppressed in treated soils from day 21 to day 160.
Microbial respiration was not suppressed in untreated control soils. Germination time
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shortened with increased aging periods of pesticides in soil. Survival time of plants
increased over time for some treatments indicating decreased bioavailability of
residues. In some cases, survival time decreased at the longer 160-day aging period,
possibly indicating a change in bioavailability, perhaps as the result of formation of
more bioavailable and phytotoxic metabolites. No interactive effects were noted for
mixtures of pesticides compared to individually applied pesticides in terms of
degradation of the parent compound or on seed germination, plant survival, or
microbial respiration.
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